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Abstract—

A fastschemefor wavelet-domaininterpolation of lost imageblocksin wire-
lessimage transmission is presentedin this paper. The algorithm is de-
signedto be compatiblewith the wavelet-basedJPEG2000imagecompres-
sion standard. In the transmissionof block-codedimages,fading in wire-
lesschannelsand congestionin packet-switchednetworks can causeentire
blocks to be lost. Insteadof usingcommonretransmissionquery protocols,
we reconstruct the lost block in the wavelet-domain using the correlation
betweenthe lost block and its neighbors. The algorithm first usesa simple
methodto determinethe presenceor absenceof edgesin the lostblock. This
is followed by an interpolation scheme,designedto minimize the blockiness
effect,while preserving the edgesor texture in the interior of the block. The
interpolation schememinimizesthe squareof the error betweenthe border
coefficientsof the lost block and thoseof its neighbors,at eachtransform
scale. The performance of the algorithm on standard test images,its low
computational overheadat the decoder, and its performancevis-a-visother
reconstructionschemes,is discussed.

I . INTRODUCTION

In commonoperationof theJPEG2000still imagecompression
standard[1], theencodertiles theimageinto blocksof n � n (n
beingapowerof 2) pixels,calculatesa2-D DWT, quantizesthe
transformcoefficientsandencodesthemusingarithmeticcod-
ing. In commonwirelessscenarios,the imageis transmitted
over thewirelesschannelblockby block. Dueto severefading,
entire imageblockscanbe lost. In [2] the authorsreport that
averagepacket lossratein a wirelessenvironmentis 3.6%and
occursin a burstyfashion.

Errorresilientchannelcodingschemes(e.g.,ForwardErrorCor-
rection)useReedSolomoncodesor convolutionalcodesto re-
constructthelostportionof thebitstream,sacrificingsomeuse-
ful bandwidthin the process.This method,which is designed
for a fixedbit errorrate(BER),cannotcompletelyprevent loss
of datawhentheBERis unknown,asin mostpracticalcases.

The commontechniquesto recover the lost block aregrouped
underAutomatic RetransmissionQuery Protocols(ARQ). As
notedin [3], ARQ lowersdatatransmissionratesandcanfurther
increasethenetwork congestionwhichcanaggravatethepacket
loss. Instead,we show that it is possibleto satisfactorily re-
constructthelostblocksby usingtheavailableinformationsur-
roundingthem.

�
Thebasicideais to first automaticallyclassify

theblockwith respectto thepresenceor absenceof anedge,and
thento interpolatethe missingblock from its 8-neighborhood.�

Thelocationof lostdata,i.e, lostimageblocks,isknown in commonwireless
scenarios.

Wetesttheproposedschemewith avarietyof imagesandsimu-
latedblock losses.We show thata reconstructionof acceptable
visualquality andhigh PSNRis obtainedat a considerablylow
computationalcost.

I I . PREVIOUS RELATED WORK

Purelydecoderbasederrorconcealmentin baselineJPEGcoded
imageshasbeendemonstratedin the imagedomainandin the
DCT domain. Thoughwavelet-domainmethodsto reconstruct
entire lost blocks have not yet beenreported,variousstudies
have successfullyusedthe wavelet framework for texture syn-
thesis[4], reconstructionof edgeswhich are distortedduring
compression[5], andenhancementof edgeswhich areblurred
duringinterpolation[6].

�
In [7] theauthorsprovideasurvey of commonlyusederrorcon-
trol andconcealmentmethodsin imagetransmission.Imagedo-
mainmethodsuseinterpolationasin [8], or separatereconstruc-
tion methodsfor structureandtextureasin [9]. Most transform
basedmethods,notably thosedescribedfor MPEG-2video in
[10] andearlierfor DCT-JPEGimagesin [8], assumeasmooth-
nessconstrainton theimageintensity. Thesemethodsdefinean
objectfunction which measuresthe variationat the borderbe-
tweenthelostblockandits neighbors,andthenproceedto mini-
mizethisobjectfunction.Thework in [11] describesadifferent
DCT basedinterpolationschemewhich usesonly 8 borderpix-
elsto reconstructthe64 lost DCT coefficients.Theideaof [8],
whichexploitsinterblockcorrelationandminimizesthesquared
errorbetweenthe lost block andits neighbors,forms thestart-
ing pointof thepresentwork. Thenovelty of ourmethodis that
it first classifiesthe lost blocksas“edgy” and“non-edgy”,and
thenselectively appliesthelinear leastsquaresinterpolationon
variousscalesof theDWT. No sideinformationabouttheimage
is assumedin thisstudy.

�
�
D. DonohoandR. DeVorearecurrentlyworkingonaninterpolationscheme

basedonwaveletsaswell (C. Schwartz,personalcommunication).�
The layeredcodingapproachof JPEG2000,describedin [12], providesthe

benefitsof SNRscalabilityandunequalerrorprotection.Hence,importantin-
formation,like theDC valueof ablock,is assembledinto high-priority(guaran-
teed)packets,while theenhancementinformationis assembledinto low-priority
packets.Robusttransmissionof guaranteedpacketsis achievedby allocationof
moreerror-correctionbits andmoretransmitterpower, ascomparedto the en-
hancementpackets. We assumethereforethat the DC valueis availableto us,
whena lost block is to bereconstructed.If this assumptionis dropped,theDC
estimationmethodin [13] couldbeused.
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Fig.1. PyramidOrderingof WaveletCoefficients.H = Horizontal,V = Vertical,
D = Diagonal.Level 0 = singletonvalue,Level 1 = �	�
� array, Level 2 =� � � array. Shadedareasindicatehigh coefficients,causedby a vertical
edgethroughtheright half of theblock
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Fig. 2. Possiblecaseswherevertical edgeis detected.Shadedareasindicate
coefficientsgreaterthanT1.

I I I . THE PROPOSED ALGORITHM

Oncethe missingblock hasbeendetected,the reconstruction
of lost blocks includesthe following steps: 1. Classify lost
blocksinto “edgy” and“non-edgy,” 2. Reconstructedgyblocks
from selectededgyblocksin the8-neighborhoodandnon-edgy
blocks from selectednon-edgyblocks in the 8-neighborhood.
We now proceedto describeeachoneof thesecomponents.In
the following explanationandthe results,we have used � � �
tiles, thoughthe methodis easilyextendablefor �� � �� and
largertiles.

A. Block classification

JPEG2000successivelyappliesthewavelettransformtodecom-
poseeach� � � ( � � � in general)tile into apyramidof horizon-
tal, verticalanddiagonaldetails,asshown in Fig. 1. (See[14],
[15] for implementationdetails). The magnitudeof a wavelet
coefficient specifiesboth the amountof change,aswell asthe
spatiallocationat which the saidchangeoccurs. Of the avail-
ablescalesshown in Fig. 1, level 0 is too coarse,while level
2 coefficientsrepresentvery localizeddetailsandmayevenap-
pearnoisy. Hencewe chooselevel 1 coefficientsto determine
thepresenceor absenceof anedge.Uponcomparingthelevel 1
coefficientswith a thresholdT1 (determinedafter testingwith
a numberof images),we can ascertainwhetherthe edge, if
present,is horizontal,verticalor diagonal.A verticaledgecan
occur in one of the 4 differentwaysshown in Fig.2. Similar
casesoccurfor horizontalanddiagonaledges.If thelost block
fails to passany of these4 tests,the algorithmdecidesthat it
doesnot containanedge.This is a simpleandcomputationally
efficient technique.

B. Thereconstructionmethod

The main assumptionsof the reconstructionalgorithmare: 1.
The type of detail (horizontal,vertical, diagonal)beingrecon-

structeddetermineswhich of the neighboringblocksareused
for reconstruction;2. Theabovepropagationof detailsdoesnot
crossanedge.

Differingfrom [8], wheretheauthorsalwaysinterpolatethelost
DCT coefficients from the ����������� 4-neighborhood,our algo-
rithm selectswhich blocksamongthe 8-neighborhoodwill be
usedfor interpolationbasedon theclassificationof SectionIII-
A. This reducesthecomputationalcostandin generalimproves
thereconstructionquality (seebelow).

B.1 Reconstructionof edgyblocks

To clarify the explanation,let us consideran examplewherea
perfectlyvertical edgeis detected.This meansthat the verti-
cal detailsin the top andbottomneighborsneedto beusedfor
interpolation. The horizontalanddiagonaldetailsare,by our
assumption,negligible, andneednot be interpolated.On each
level, thematrixof lost coefficientsis givenby ����� �"!#�%$
( � = unknown, � = top, $ = bottom). The smoothnesscon-
straintto find � and � is thatwe mustminimize thesquareof
theerroratthetopandbottomborders.For level &(' , whichcon-
sistsof only onecoefficient, this simply means�)�*�+�,'.- / .
Level &0 hasfour coefficientssothat��� 1(2 �3� 2 �4�2 �5� 2 �3�7698 �:� 1 � �;� � �<�� �=� � �;�>698 $?� 1A@ �;� @ �<�@ �=� @ �;�B6 .
We find

2 �3� and
2 �<� while minimizing thesquarederrorat the

top border, i.e we solve

1 2 �3�2 �4� 6 �C� 1 � �3�� �4� 6 !D� 1 @ �3�@ �4� 6
while minimizing E;FG�IHJ�KFML7�%NOH � where �KFG� 1 2 �;�2 �<� 6 ,
and � N � 1 � �5�� �3� 6 .
Thenwe find

2 �=� and
2 �3� while minimizing the squarederror

at the bottom border, i.e we solve

1 2 �=�2 �;�>6 �P� 1 � �=�� �;�>6 !� 1 @ �=�@ �;� 6 while minimizing E N �QHR� N LS$ F H � where � N �1 2 �=�2 �;�T6 , and $UFV� 1 @ �;�@ �<�B6 .
For � � � tiling, thefinestlevel is &(W , which is a X � X arrayof
coefficients.If weusedX � X matrices,wewouldhaveanunder-
specifiedsystemof 4 equationsand2 unknowns.Hence,thein-
terpolationis split into two partsasshown in Fig. 3. Thus,to re-
constructlevel &AW , wehave to solve 8 equationsby themethod
shown above. Pairing alternatecoefficientson the border, and
successive coefficientsin the interior is expectedto spreadout
theerrorintroducedbecauseof thismodification.It is important
to notethat,no morethan2 simultaneousequationsaresolved
at any given stageof the algorithm. An actualreconstruction
exampleusingthismethodis shown in Fig. 4.

B.2 Reconstructionof non-edgyblocks

In thesimplestpossiblecasewe needto interpolateall typesof
detailsfrom all neighborsof the lost block. Themethodfor in-
terpolatinghorizontalandverticaldetailsis exactlyasexplained
above for edgyblocks. The Y0' level will againbetheaverage
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V2 of top block

V2 of bottom block

V2 of lost block

Fig. 3. Reconstructionof Vertical Level 2. Similarly shadedareasindicate
coefficientsgroupedtogetherto solve a matrixequationof theform Z\[:]^

. Note,from theright handsidefigure,thatthetop andbottomblocksare
notusedto reconstructtheinnercoefficients.

Received Reconstructed

Fig. 4. Reconstructionof a perfectverticaledge.This is a � � �(� � tile of the
Barbaraimagemagnified4 times.

of the Y0' levelsof the4 diagonalneighbors.To fill up the Y_
level, a lost Y_ coefficient is madeequalto theclosestavailableY_ coefficientchosenfrom thediagonalneighborhood.The Y`W
level is filled in thesameway.

In caseanedgeoccursin theneighborhoodof thelostnon-edgy
block, thentheblock containingthatedgeis removedfrom the
interpolationprocessto prevent the unpleasantedgemigration
effect.

If higher computationallevels are accepted,non-edgyblocks
couldalsobeaddressedusingwaveletsbasedtexturesynthesis
algorithms.

B.3 Extensionto largertiles andadvancedreconstruction

Thecompressionperformanceof JPEG2000increaseswith the
tile size.For largertilessizes(e.g �aX � �aX ), thewaveletsubbands
are larger, and consistof a numberof codeblocks. To repair
thehigh-frequency subbandsin this situation,we wouldexploit
correlationbetweenadjacentcodeblocks,insteadof correlation
betweenadjacenttiles. Hence,the lost codeblockswill be re-
constructed,by the above method,from availableneighboring
codeblocksin the samesubband.Similarly, if highercompu-
tationalcostsarepermitted,cross-bandcorrelationmethodsas
thosein [16], [17] canbeincorporatedinto our framework.

IV. EXPERIMENTAL RESULTS

Sincewe have no control over the fadingchannel,thereis no
prior information about the relative locationsand numberof
blocksthatcanbelost in theprocess.We notethatbeforetrans-
missionof the � � � blocks,a packetizationschemeis applied

SimulatedLoss Reconstructed

Fig. 5. Reconstructionof Lenawith PSNR= 32.422db. Thebottomrow shows
details(hairandshoulder)of thisimageandthecomparisonof ourtechnique
(2ndand4th)with theoneby Hemamiet al. (1stand3rd).

SimulatedLoss Reconstructed

Fig. 6. Reconstructionof Goldhill with PSNR= 31.684db

sothata burstypacket lossduringtransmissionis scatteredinto
a pseudorandomlossin theimagedomain.Therefore,consecu-
tive imageblocksarerarely lost andthereconstructionscheme
canusetheneighborhoodof thelostblockfor reconstruction.A
samplepacketizationschememaybefoundin [2]. Figs. 5 and
6 show the resultsobtainedafter reconstructionof WcbdW � WcbaW
sub-images.The default irreversibleDaubechiesbiorthogonal
9/7 filter, asspecifiedin theJPEG2000standard,hasbeenused
in all examples.In Fig. 5 we alsoseedetailsof the imageand
the comparisonof our algorithmwith that of [8]. Our method
shows a bettercontinuationof thestructuresacrossthemissing
block.

Fig. 7 demonstratesthe behavior of the PSNRwith worsening
lossesand also shows how the executiontime increases.We
notethatthePSNRremainssatisfactory(above30 db) evenfor
lossesupto15%andtheCPUtime requiredto repairthis lossis
only about80ms.

V. CONCLUSION

An algorithmfor thereconstructionof lostblocksin JPEG2000
compatibledecodingschemeswaspresented.While preserving
smoothnessconstraintsasin [8] and[10], thealgorithmusesthe
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Fig. 7. PSNR(rounddots)behavior for randomblock loss. Executiontimes
(squaredots)weremeasuredonaSunUltra 10MachinerunningSunOS5.

wavelet framework to provide a betterreconstructionof edges
in the interior of the lost block. The schemeselectsthe edge
orientation,and appliesa linear leastsquaresproblemto that
orientationonall transformscales.

Theinterpolationis obtainedat a very low computationalcom-
plexity. Indeed,the mostcomplex part of the algorithmis the
solutionof ef�g�h$ , whereA is at mosta W � W matrix. Due
to its fastreconstructioncapability, its applicabilitytowardsre-
constructionof MPEGvideoframesshouldbeinvestigated.

Themethodfails to reconstructimagefeatureswhich arecom-
pletely obliteratedduring transmission,and, at present,is not
uniformly satisfactory for all diagonaledges. Slantingedges
whichdeviateslightly fromthehorizontalandverticaldirections
arereconstructedproperly. But, thealgorithmhasnospecificso-
lution for perfect iUXj/ck diagonaledges,andsuchedgesarenot
satisfactorily reconstructedat this low computationalcomplex-
ity.
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